Because cell-division failure is deleterious, promoting tumorigenesis in mammals [1] , cells utilize numerous mechanisms to control their cell-cycle progression [2] [3] [4] . Though cell division is considered a wellordered sequence of biochemical events [5] , cytokinesis, an inherently mechanical process, must also be mechanically controlled to ensure that two equivalent daughter cells are produced with high fidelity. Given that cells respond to their mechanical environment [6, 7] , we hypothesized that cells utilize mechanosensing and mechanical feedback to sense and correct shape asymmetries during cytokinesis. Because the mitotic spindle and myosin II are vital to cell division [8, 9] , we explored their roles in responding to shape perturbations during cell division. We demonstrate that the contractile proteins myosin II and cortexillin I redistribute in response to intrinsic and externally induced shape asymmetries. In early cytokinesis, mechanical load overrides spindle cues and slows cytokinesis progression while contractile proteins accumulate and correct shape asymmetries. In late cytokinesis, mechanical perturbation also directs contractile proteins but without apparently disrupting cytokinesis. Significantly, this response only occurs during anaphase through cytokinesis, does not require microtubules, and is independent of spindle orientation, but is dependent on myosin II. Our data provide evidence for a mechanosensory system that directs contractile proteins to regulate cell shape during mitosis.
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Results and Discussion
To test whether cells monitor their shape during cell division, we examined whether cytokinetic Dictyostelium discoideum cells show asymmetries in myosin-II distribution, which would be suggestive of an active system for correcting shape asymmetries. We collected and analyzed 40 time-lapse movies of dividing myoII::GFPmyosin-II; RFP-a-tubulin cells. Of these, 57% showed symmetric myosin-II distribution and centralized spindle placement during cytokinesis and an enrichment of myosin II in the cleavage furrow as cytokinesis progressed ( Figure 1A ; Table S1 and Movie S1 in the Supplemental Data available online). However, the remaining 43% exhibited an asymmetrically positioned mitotic spindle early (anaphase to onset of furrowing) in cytokinesis, with GFP-myosin-II distribution concentrated in the cortex furthest from the spindle. These asymmetrical cells had an axial ratio of 1.5 6 0.08 (mean 6 standard error of the mean [SEM]), which is significantly greater than the axial ratio of 1.2 6 0.03 for the symmetrically shaped cells (Student's t test, p = 0.001; Supplemental Experimental Procedures). As the cells progressed through anaphase, the spindle was repositioned to the center, and myosin II accumulated at the equator, allowing the cells to proceed symmetrically through cytokinesis ( Figure 1B ; Table S1 ; Movie S2). These observations suggest that cells redistribute myosin II to correct shape and/or spindle asymmetries, preventing the cell from producing asymmetric daughter cells.
Because cell-shape deformation and force are inextricably linked, we tested the possibility that shape asymmetry reflects asymmetric forces acting on the cell cortex. To determine rigorously whether myosin-II asymmetry is a response to shape disturbances, we developed a micropipette aspiration system to apply mechanical loads to dividing cells (Supplemental Experimental Procedures). To ensure that physiologically relevant loads were applied, the minimum pressure required to form a small hemispherical bulge in the pipette was used. Commensurate with the cortical tension of the cell, this load should generate significant cellular deformation (strain) without overwhelming the ability of the cell to respond mechanically. Aspiration pressures applied to myoII::GFP-myosin-II; RFP-a-tubulin ranged from 0.16-0.60 nN/mm 2 . On the basis of the pipette radius and pressure, the applied force ranged from 8-15 nN, similar to the 4-7 nN of force estimated previously to drive the shape changes of cytokinesis [10, 11] .
Using this system, we demonstrate that cells recruit contractile proteins in response to shape deformation to regulate the progression of shape changes during cytokinesis. When aspiration pressure was applied to cells in early (anaphase to the onset of furrowing) or late (onset of furrowing to completion) cytokinesis, myoII::GFPmyosin-II; RFP-a-tubulin cells responded by sending GFP-myosin II to the cortex in the pipette ( Figure 2A ; Table S1 ; Movie S3). To analyze the responses quantitatively, we measured GFP-myosin-II cortical intensities inside and outside the pipette (Supplemental Experimental Procedures; Figures 2D-2F ). Cells aspirated early in cytokinesis generated large-scale myosin-II responses, resulting in substantial recruitment of GFPmyosin II to the pipette, enabling the cell to reject the shape disturbance even though the applied mechanical load was kept constant (Figures 2A and 2D) . After escaping the pipette, myosin II redistributed to the furrow and the cell divided symmetrically. A small-scale *Correspondence: dnr@jhmi.edu myosin-II response was observed in cells that were loaded late in cytokinesis ( Figures 2B and 2E ). In these late-stage cytokinetic cells, myosin II accumulated in the polar cortex without apparently disrupting the myosin-II accumulation at the contractile ring. Under continuous load, these cells divided symmetrically. Significantly, cells perturbed by the pipette took longer (630 6 63 s, n = 27) to complete cytokinesis than unloaded cells (460 6 24 s, n = 23; Student's t test, p = 0.017). To determine the completion times, we used the initiation of spindle elongation as the reference time (0 s), which meant only movies of cells starting prior to anaphase onset could be included in the completion-time analysis. Overall, the majority of aspirated mitotic cells (73%) responded by localizing myosin II to the site of aspiration, demonstrating their ability to respond to mechanical disturbances during cytokinesis (Table S1 ).
To test whether the redistribution of myosin II in response to mechanical load is mitosis specific or is a general mechanosensory response, we examined interphase cells. Interphase cells expressing GFP-myosin II were aspirated with pressures ranging from 0.2-0.6 nN/mm 2 for over 25 min, w25-fold longer than needed for a response during mitosis ( Figure 2C ). Of 17 interphase cells, none recruited myosin II to the pipette (Figures 2C and 2F; Table S1 ). Because the half-life for myosin II at the cortex is similar in interphase and mitotic cells [12] , the response likely depends on a mitosisspecific mechanosensor that is independent of myosin-II thick-filament assembly and localization dynamics.
Because aspiration applies force to the cell and myosin II is a force-generating mechanoenzyme, we tested whether myosin II is required for resisting the applied force to ensure symmetrical cytokinesis. Without mechanical load, approximately half (compared to only 8% of wild-type unloaded divisions and 5% of wildtype loaded divisions) of the successful myosin-II mutant cell divisions produced unequally sized daughter cells, and the overall failure rate of cell division was not appreciably higher for myosin-II mutant cells than for wild-type cells (Table S2) . When aspirated, the myosin-II mutant cells showed a 3-fold increase in failure rate and lost their ability to control their shape changes, leading to grossly asymmetric divisions (Figures 3A and  3B; Table S2 ; Movie S4). Furthermore, the myosin-II mutant cells could only withstand about half of the aspiration pressure as wild-type cells without being fully aspirated into the pipette. Thus, myosin II is essential for resisting mechanical disturbances and for ensuring symmetrical cell division.
We also examined whether other actin-associated cytoskeletal proteins respond to mechanical load. Cells expressing GFP-cortexillin I, an actin crosslinker that localizes to the cleavage-furrow cortex during cytokinesis, were aspirated with pressures ranging from Figure S1 ; Table S1 ; Movie S5). However, similar to myosin II, cortexillin I failed to redistribute in response to mechanical disturbance during interphase (Table S1 ). In contrast, dynacortin, which enriches in the polar cortex during cytokinesis, did not relocalize to the pipette during mitosis ( Figure S2) . Thus, the mechanosensory system is a contractile-protein response, rather than a myosin-IIspecific or a general cytoskeleton response.
The mitotic spindle delivers positive and negative signals to the overlying cortex, which triggers contractilering assembly [8] . In our experiments, all of the unloaded cells and 64% of the loaded cells that had asymmetric GFP-myosin-II distribution during early cytokinesis also had an asymmetrically positioned mitotic spindle. Although cells were aspirated during all stages of mitosis, cells exclusively responded to mechanical load by redistributing contractile proteins during anaphase through the end of cytokinesis. These observations raise the question of whether the GFP-myosin-II recruitment is a response to an asymmetrically positioned anaphase spindle, applied load, or both. To separate the roles of force from spindle position, we used nocodazole to depolymerize the microtubules during anaphase (Supplemental Experimental Procedures). Myosin II redistributed in response to aspiration in the absence of microtubules, and, further, the myosin-II response dissipated when the pressure was released, indicating that force was sufficient to direct myosin-II recruitment ( Figure 3C ; Table S1 ; Movie S6). Using two pipettes to apply load to different regions of the cortex simultaneously, we also verified that spindle orientation did not influence the ability to respond to mechanical load. Crescents of myosin II could be recruited to the cortex under each pipette with the spindle in any orientation with respect to the pipettes (Figures 3D and 3E ).
These observations, coupled with the response in late cytokinesis ( Figure 2B ), demonstrate that mechanical force deforms the cortex, leading to the redistribution of contractile proteins, and that applied force can override normal spindle signals ( Figure 1A versus Figure 3D ). Thus, although the mitotic-spindle position correlates with the asymmetric distribution of contractile proteins, its role is not essential for mechanosensing. Therefore, the asymmetry in spindle position may be reflective of asymmetric cell shape and/or mechanical strain in the cortical network. Historically, micromechanical studies have contributed significantly to our understanding of the changes in mechanical behavior that correlate with cytokinetic furrowing [9, [13] [14] [15] [16] [17] . However, the molecular bases for these changes, how they relate to cleavage-furrow ingression, and how they regulate the evolution of cell shape are not understood [9, 18] . Our study raises the possibility that some of the mechanical changes uncovered by traditional micromechanical techniques may have been influenced by mechanosensory responses of dividing cells. Previous studies also demonstrated that contractile proteins can be directed around the cell by moving the spindle [19, 20] ; however, our observations indicate that applied force can override normal spindle signals, allowing myosin II to accumulate wherever cell-shape deformation is induced (Figure 4) .
Numerous biological systems achieve robustness by utilizing feedback loops [21, 22] . We propose that this mechanosensory system of redistributing proteins in response to shape perturbations is part of a feedback mechanism that monitors cell shape. In this feedback system, mechanical strain in the network triggers activation of a mechanosensor, leading to recruitment of myosin II and cortexillin I to the shape disturbance. These proteins then increase the local viscoelastic resistance of the cortex [9, 23, 24] , slowing further shape deformation. During early cytokinesis, furrowing is delayed until myosin II, which promotes dynamic cortical rearrangements through its mechanochemistry [24] , contracts the cortex away from the pipette. During late cytokinesis, myosin II recruited to the pipette at the polar cortex resists the local deformation, whereas equatorial myosin-II contractility along with other myosin-II-independent processes (Laplace pressures and membrane trafficking [11, 25] ) continue furrow thinning. Further, the ability to correct mechanical perturbation is dependent on myosin II, and cells deficient in either myosin II or cortexillin I have increased frequencies of asymmetrical cell divisions, indicating an inability to correct shape asymmetries (Table S2 , [23, 26] ). Importantly, loaded wildtype cells achieve levels of cytokinesis completion similar to those of unloaded cells (Table S1 ), demonstrating the robustness of this system.
Significantly, this system is mitosis specific, suggesting a novel pathway for mechanosensation. Cells must sense mechanical strain in the cortex, perhaps by opening ion channels or by stretching cortical cytoskeletal proteins to create new binding sites [6, 7] , triggering contractile-protein recruitment. Previous studies on interphase Dictyostelium and mammalian cells have shown that extreme cell deformation leads to cortexmembrane rupture and myosin-II recruitment to the rupture site [27, 28] . However, our response is specific to anaphase through cytokinesis and does not appear to involve cortex-membrane rupture. Microtubule depolymerization also promotes oscillatory myosin-II-dependent contractions of interphase cells [29, 30] . In contrast, our response occurs in the presence of microtubules with and without external mechanical perturbation and is not oscillatory. The mitosis specificity might arise because the contractile system is more mobile as the cell prepares for cytokinesis. During interphase, cells may mask the mitotic system and achieve shape control by other mechanisms such as strain-hardening the cytoskeleton through the action of other actin crosslinkers and cytoskeletal structures [6] . Overall, this study establishes a framework for a systems-level analysis of the biochemical and mechanical regulation of cell shape during cytokinesis. The left column shows the symmetrical shape changes of cytokinesis. The right column depicts the asymmetrical shape changes that either occur naturally or are induced by aspirating the cell. Cells aspirated early during anaphase recruit contractile proteins to the site of aspiration in conjunction with spindle elongation. After escaping the pipette, the cell repositions the spindle centrally and reorients myosin II and cortexillin I to the cleavage furrow, progressing through symmetrical cytokinesis. Cells aspirated late in cytokinesis recruited myosin II both to the furrow and aspirated polar region. Under continuous load, these cells typically complete symmetric division. (B) The diagram outlines a proposed mechanical feedback system. In the unloaded (traditional) pathway (shaded gray), spindle signals initiate the process of cytokinesis, recruiting contractile proteins (CP) to the cleavage furrow. These contractile proteins generate force, driving cell-shape changes that produce cytokinesis. By applying a mechanical perturbation (load), a mechanical feedback is suggested. Mechanosensors may measure mechanical perturbations directly by measuring molecular scale strain (upper pathway) or indirectly by monitoring cell shape (lower pathway). The essential differences between these two types of mechanosensors are the length scales and magnitudes of the strains that they detect. The feedback system then leads to the recruitment of contractile proteins, which correct for shape asymmetries.
Institution) for reading the manuscript. This work was supported by a Burroughs-Wellcome Career Development Award (D.N.R.), a Beckman Young Investigator Award (D.N.R.), the National Institutes of Health (R01#GM066817 to D.N.R., GM071920 to P.A.I.), and the National Science Foundation (DMS0083500 to P.A.I.).
